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Cardiolipin-cholesterol interactions were studied by time-resolved fluorescence spectroscopy with 1,6- 
diphenyl-1,3,5_hexatriene asprobe. The residual anisotropy parameter, rm (reflecting the fatty acid chain 
packing), was measured in the liquid crystalline phase as a function of cholesterol addition. Two main re- 
sults are reported: (i) a slight increase of the order parameter, S, computed from the r, value as S = (r,/r& 
in the physiological concentration range of cholesterol; (ii) a sharp enhancement of S from a cholesterol 
mole fraction (X& of 0.20 and up to X,, of 0.80. This is in contrast to unsaturated lecithin systems for 
which a continuous increase of the order parameter was monitored, culminating at X,,,,=O.SO, the well- 
known maximum level of incorporation of cholesterol into lecithin model membranes. 
Cardiolipin Dioleoylphosphatidylcholine Cholesterol Time-resolvedfluorescence anisotropy 
Order parameter 1,6-Diphenyl-1,3,5-hexatriene 
1. INTRODUCTION 
Precise knowledge of cholesterol function im- 
plies detailed understanding of its interactions with 
the main components of biological membranes: 
the phospholipids. Phosphatidylcholine and 
phosphatidylethanolamine-cholesterol interactions 
have been widely studied obviously because these 
lipids are major species in membranes [1,2]. Less 
attention has been paid to other species, like car- 
diolipin [3], probably because this phospholipid is 
almost exclusively present in sterol-poor mem- 
branes like inner membranes of mitochondria and 
bacterial membranes [4,5]. However, one might 
wonder if there is a relationship between the 
presence of this phospholipid at a high level and 
the relative low amounts of cholesterol in these 
Abbreviations: DPH, 1,6-diphenyl-1,3,5_hexatriene; Bovine heart cardiolipins were purchased from 
DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine Sigma (St Louis, MO) and kept in ethanol 
membranes and if sterol-cardiolipin interactions 
occur with the same magnitude as in lecithins for 
instance. 
In this respect, we have undertaken a 
physicochemical study of the effect of cholesterol 
on the dynamics of a cardiolipin bilayer, using the 
time-resolved fluorescence anisotropy technique 
with DPH as probe. This allowed us to evaluate 
the stoichiometry of the interaction and the effect 
of cholesterol on the degree of packing of the fatty 
acid chains of cardiolipin by measuring the 
residual anisotropy (r=) of the anisotropy decay. 
For comparison, the same measurements were per- 
formed on unsaturated phosphatidylcholines in the 
liquid crystalline phase. 
2. MATERIALS AND METHODS 
2.1. Chemicals 
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(10 mg - ml-‘) under an argon atmosphere at 
-20°C. DOPC was from Serdary (Canada) and 
cholesterol from Serva (FRG). DPH was from 
Koch Light (Colnbrook, Bucks). All other reagents 
were of the highest grade commercially available. 
2.2. Vesicle preparation and labelling 
Ethanol injected vesicles were prepared ac- 
cording to Kremer et al. [6] by injecting 0.1 ml 
ethanol containing cardiolipin or DOPC and the 
appropriate amount of cholesterol into 3 ml Hepes 
buffer, pH 7.4, 0.2 mM EDTA, 0.144 M NaCl at 
room temperature. Prior to injection, the buffer 
was extensively bubbled with argon. Labelling was 
achieved by dissolving the fluorescent probe 
(DPH) in the injected volume (probe/lipid molar 
ratio = 1:450). 
2.3. Fluorescence measurements 
Nanosecond decay measurements were per- 
formed using a time correlated single photon 
counting instrument as described [7]. Analysis of 
the data was performed according to described 
methods [8]. Data were interpreted according to 
the distribution function theory [9, lo]. 
3. RESULTS AND DISCUSSION 
Nanosecond time-resolved fluorescence an- 
isotropy decay of DPH in cardiolipin vesicles ex- 
hibits, as in many membrane model systems 
[ 1 l-141, a non-vanishing value of the anisotropy a 
long time after the excitation pulse. This residual 
anisotropy (Too) displays similar values in car- 
diolipin and in unsaturated lecithins in the liquid 
crystalline phase, as exemplified in table 1 where 
cardiolipin and DOPC are compared. This in- 
dicates that in both systems the acyl chain packing 
is comparable. 
Upon incorporation of cholesterol in cardiolipin 
vesicles, the value of rm does not change up to a 
cholesterol mole fraction Xchol = 0.20 in strong 
contrast to DOPC where this mole fraction cor- 
responds to one third of the maximum effect (table 
1). Above this mole fraction, rm increases harply 
in cardiolipin and the effect is continuous up to 
Xchol = 0.80, corresponding to 1 cholesterol 
molecule/acyl chain. At this high mole fraction, 
the value of the ro. parameter is significantly higher 
than in DOPC for Xchol = 0.50. In contrast to the 
large effect observed on the rm parameter, in both 
lipid systems the apparent correlation time (#) re- 
mains at the same value within experimental error 
(table 1). As found also in most of the membrane 
systems studied, roerrective, the extrapolated zero 
time value of the anisotropy exhibits values lower 
than the fundamental anisotropy value determined 
in isotropic media in absence of rotation [ 151. This 
probably reflects the occurrence of very fast rota- 
tion not resolved on the instrument [16]. 
The existence of non-zero roe values has been in- 
terpreted as reflecting the occurrence of rotational 
barriers within the lipid matrix, the principal axis 
of symmetry of the fluorophore being non- 
randomly distributed inside the membrane 
[9,10,17,18]. From the ro. value, an average orien- 
Table 1 
Fluorescence anisotropy decay parameters of DPH in cardiolipin and in DOPC vesicles at 2YC 
Cholesterol mole 
fraction (&hOl) 
0 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 
Cardiolipin 
roeffective 
+ (us) 
rm 
DOPC 
roeffecfive 
+ (us) 
r, 
0.285 0.281 0.271 0.272 0.319 0.294 0.308 0.316 0.266 
1.9 2.1 2.0 2.3 1.9 2.3 2.2 1.7 1.6 
0.015 0.015 0.023 0.042 0.055 0.077 0.115 0.151 0.205 
0.294 0.321 0.349 0.258 0.315 0.277 
2.3 1.9 1.9 3.2 2.4 2.9 
0.011 0.027 0.044 0.079 0.114 0.162 
A nonexponential model of the form qr) = (rocffective - r,)exp( - t/G) + r- was used 
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tational order parameter (s) can be computed as 
S = @=/TO)% [9,10], ro being the fundamental 
anisotropy in the absence of rotational motion (ro 
= 0.384) [15]. As DPH exhibits a similar ‘cross- 
section to a lipid acyl chain, the average orienta- 
tional order parameter, S, of the probe reflects to 
a large extent the average packing of the acyl 
chain. 
As a function of cholesterol addition in the car- 
diolipin vesicles, the variation of S exhibits a 
biphasic curve (fig.1). A slight increase in S value 
is observed in the physiological low range of 
cholesterol mole fraCtiOns (below _&ho1 = 0.20). 
This is in strong contrast to the situation in DOPC 
where a mole fraction of 0.30 corresponds to the 
cholesterol half-maximum effect. Above this mole 
fraction, the order parameter value in cardiolipin 
starts to increase linearly until &ho1 = 0.80, the 
highest value tested. In DOPC, the variation of S 
as a function of the sterol mole fraction is linear 
over the whole range of concentration (fig. 1). Such 
a linear variation of S as a function of cholesterol 
addition up to &ho1 = 0.50 has also been observed 
1.0 
t 
t 
0.81 
with ESR in unsaturated lecithins [19,20]. This 
observation indicates that the interactions of 
cholesterol with the acyl chains are not 
cooperative: whatever the range of sterol mole 
fraction, equivalent increments of cholesterol pro- 
duce a similar ordering effect in unsaturated PC. 
The ‘latence range’ of cholesterol mole fractions 
in cardiolipin vesicles as well as the effect at high 
mole fractions were also observed on the total in- 
tensity decay parameters of DPH. As in PC 
systems [12-141, the total emission decays ‘are 
multiexponential in either the absence or presence 
of cholesterol. As the ordering of the acyl chains 
remained unchanged in cardiolipin vesicles up to a 
cholesterol mole fraction of 0.20, a very slight 
change of the mean excited state lifetime value is 
observed (fig.2). Above this mole fraction, a larger 
increase of this parameter occurs. In DOPC, in 
contrast, the increase in the mean excited state 
lifetime value is linear over the whole range of 
sterol mole fractions. 
In conclusion, these results evidence that car- 
diolipin can accommodate very large amounts of 
cholesterol, much larger than reported for PC or 
PE systems [11. However, the cholesterol effect on 
looY 
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Fig.1. Variation of the average orientational order 
parameter of DPH in cardiolipin vesicles (0) and in 
DOPC (0) at 2S°C as a function of the cholesterol mole 
fraction. 
Fig.2. Variation of the mean excited state lifetime 
<r> = Ca,$/Zciri [14] of DPH in cardiolipin vesicles 
(0) and in DOPC (0) at 25°C as a function of the 
cholesterol mole fraction. 
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the lipid ordering occurs only at relatively high 
mole fractions. This may indicate that cholesterol- 
cardiolipin interactions are weaker than lecithin- 
cholesterol interactions. This would in turn explain 
the relative low level of cholesterol in cardiolipin 
rich membranes as the sterol molecule could be ex- 
changed more readily from these membranes to 
sterol transport proteins. 
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